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The radiative cooling of electrons responsible for the nonthermal synchrotron emission of large
scale jets of radiogalaxies and quasars requires quasi continuous (in time and space) production of
relativistic electrons throughout the jets over the scales exceeding 100 kpc. While in the standard
paradigm of large scale jets this implies in situ acceleration of electrons, in this letter we propose a
principally dierent \non-acceleration" origin of these electrons, assuming that they are implemented
all over the length of the jet through eective development of electromagnetic cascades initiated by
extremely high energy γ-rays injected into the jet from the central object. This scenario provides a
natural and very economic way to power the jets up to distances of 100 kpc and beyond.
PACS: 98.62.Nx, 98.54.Gr, 98.54.Cm, 96.40.-z
Although there is little doubt in nonthermal origin
of radiation of large scale extragalactic jets, it remains
a theoretical challenge to explain how the relativistic
electrons responsible for the radio-to-X-ray synchrotron
emission could be distributed quite uniformly all over
the huge length of the jet Ljet ∼ 100 kpc. Although
the recent exciting discoveries by the Chandra obser-
vatory added much to our knowledge of structures of
these fascinating components of powerful radiogalaxies
and quasars, they didn’t solve the old problems and, if
fact, brought new puzzles. In particular, there remain
yet substantial problems concerning the identication of
the X-ray emission mechanism. The most natural mech-
anism, the synchrotron radiation of multi-TeV electrons,
applied in a standard manner to large scale jets, faces cer-
tain diculties to interpret the observed X-ray features
of a signicant fraction of the Chandra jets (see e.g. Ref
[1]). Therefore the recent \trend" which invokes relativis-
tic bulk motion with Lorentz factor as large as Γ ∼ 10 (on
≥ 100 kpc scales !), and thus increases signicantly the
eciency of the inverse Compton scattering as a source
of X-rays [2,3], was readily accepted by the extragalac-
tic jet community [1]. The very idea of relativistic bulk
motion could be very productive also for other possible
jet models [4]. In particular, it would allow explanation
of the broad-band data of the jet of 3C 273 by a sin-
gle population of electrons [5]. Even so, this eect does
not solve the problem of continuous (in space and time)
acceleration of multi-TeV electrons. The association of
the observed X-rays to very high-energy (VHE) protons
could be a possible solution [4]. However, this model con-
tains an ad hoc assumption concerning the acceleration
eciency of protons requiring the acceleration to proceed
at the maximum (theoretically possible) rate.
In this letter we suggest a \non-acceleration" version
of the electron synchrotron model, namely assuming that
electrons are not accelerated in the jet, but are result
of pair production of extremely high energy γ-rays in-
teracting with the 2.7 K cosmic background radiation
(CMBR). The pair production in the eld of CMBR and
diuse infrared background photons as a source of ultra-
relativistic electrons created far from the central object
(AGN) has been suggested [6] in the context of forma-
tion of giant extragalactic pair halos. The same pro-
cess can provide ultrarelativistic electrons for nonthermal
synchrotron X- and γ-rays in clusters of galaxies and be-
yond [4]. Recently, highly collimated neutral beams (neu-
trons and γ-rays) have been noticed as possible supplier
of synchrotron-emitting electrons in the extended jets of
FRII radio galaxies [5,7].
The mean free path of γ-rays in the eld of CMBR
has a minimum Lγ ≈ 8 kpc at Eγ ' 1015 eV. At both
lower and higher energies Lγ increases { sharply (expo-
nentially) at Eγ  1015 eV (due to the threshold ef-
fect γ-rays interact with the Wien tail of CMBR), and
slowly, Lγ ≈ 14:6 Eγ;16T−22:7 [1 + 0:7 ln (Eγ;16T2:7)]−1
kpc at Eγ  1015 eV due to the decrease of the cross-
section with the parameter EγECMBR  m2ec4. Here-
after, Eγ;16 = Eγ=1016 eV, T2:7 = T=2:7 K. Thus, a
γ-ray beam with a broad spectrum extending to 1018 eV
can supply the jet with \desirable" VHE electrons along
the jet, and thus power the jet up to distances ∼ 100 kpc
or even more.
In what follows we analyze a simple model in which a
VHE photons are injected into a cylindrical jet and, in-
teracting with CMBR as well as with the low-frequency
radiation of the jet itself, initiate an electromagnetic cas-
cade, the relevant processes being pair-production (PP),
inverse Compton scattering (ICS) and synchrotron radi-
ation (see Fig. 1). For numerical calculations we use the
code described in Ref. [8] which solves kinetic equations
for VHE particles cascading on soft photon backgrounds.
The rst generation of pair-produced electrons upscat-
ter the soft background photons. Propagation length of
electron with respect to ICS in Klein-Nishina regime is
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FIG. 1. Extremely high energy gamma-rays, E  1014 eV, from central engine form the \main stream" of the jet and provide
VHE electrons throughout the entire jet. The low energy electrons below the critical energy given by Eq.(4) escape the \main
stream" and form a \shell" of the jet. Distant observer see the synchrotron and inverse Compton radiation from electrons in
the "shell".
synchrotron losses. We suppose that the magnetic eld
in the jet consists of a regular component B0 = B0;−5 ×
10−5 G which is aligned with the jet axis and a disordered
(random) component Br ∼ 0:01B0 = Br;−7 × 10−7 G.
Cascade electrons move along the eld lines of the regu-
lar B-eld, therefore the latter does not aect their prop-
agation. The synchrotron propagation length in chaotic
magnetic eld is given by Le;syn = 30(Br;−7)−2(Ee;16)−1
kpc. Below
Ecascade ≈ 4:5× 1016(Br;−7)−1T2:7 eV (1)
the ICS losses dominate over synchrotron losses.
The cascade develops along the straight line till the
trajectories of cascade electrons are not substantially de-
flected by the random magnetic eld Br. Deflection of
electrons can be approximately described by the diu-
sion in pitch angle [9,10]. The diusion length Ldiff can
be estimated as [10]
Ldiff ∼ 14(Br;−7)−2(Ee;14)2(lc;−3)−1 kpc (2)
where lc;−3 is the correlation length of the random mag-
netic eld in units of 10−3 pc. When the cascade elec-
trons cool down to ∼ 1014 eV, ICS proceeds in Thompson
regime and electron propagation length is approximated
as
Le;T = 0:3 (T2:7)−4(Ee;14)−1 kpc (3)
When Ldiff becomes of order of Le the cascade electrons
are essentially deflected by the random B-eld and are re-
moved from the "main stream" of the cascade (see Fig. 1).
From Eqs.(2) and (3) we nd
Ee;crit = 3× 1013(Br;−7)2=3(lc;−3)1=3(T2:7)−4=3 eV (4)
Trajectories of electrons with energies below Ee;crit are
randomized which allows these electrons to emit isotropic
(observable) synchrotron and inverse Compton radiation,
and to form a radiatively cooling "shell" around the
"main stream" of the cascade as it is demonstrated in





































































FIG. 2. Evolution of energy spectra of γ-rays (upper panel) and electro
the "shell" (left) of the jet. Upper panel (right): thin line { initial photon
thick lines { 500 kpc. Upper panel (left): the synchrotron/ICS spectra o
line { after 108 yr). Experimental points for the so-called knot A in the je
size 1 kpc. For comparison CMBR background at z = 0:153 is shown by t
spectra in the "main stream" and "shell" (notations are the same as in th
shell-like structure is observed in high-resolution radio
map of M 87 jet [11]. The synchrotron and ICS propaga-
tion lengths of the "shell" electrons are related as Le;T '
(UB=Usoft)Le;syn where Usoft and UB are the energy den-
sities of the soft photons and the regular magnetic eld
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(we assume that B0  Br). The equilibrium spectrum
of electrons cooling due to ICS in Thompson regime and
synchrotron losses is established as dne=dEe ∝ E−2e , and
the corresponding energy spectrum of synchrotron radi-
ation F ∝ E0:5syn. The mean energy of synchrotron pho-
tons radiated by an electron of energy Ee;14 is
Ecr;syn = 1:6 B0;−5(Ee;14)2 keV (5)
The results of numerical calculation of evolution of pho-
ton and electron spectra in the "main stream" and in the
"shell" are shown in Fig. 2.
Assuming that the maximum energy of synchrotron
radiation from the jet lies in the X-ray energy domain,
which minimizes the energy requirement to the source,































FIG. 3. The injection rate of electrons with energy Ee,crit to the "shell" of cascade in the jet of the quasar PKS 1127.
Experimental point for X-ray luminosity of the jet of PKS 1127 are taken from [13].
An observer looking at the jet from a side does not
see the "main stream" of the cascade and detects only
synchrotron and/or inverse Compton radiation from elec-
trons in the "shell". Luminosity of the jet "shell" is pro-
portional to the rate at which the electrons with energy
∼ Ee;crit are injected to the "shell". Fig. 3 shows evolu-
tion of luminosity of the "shell" for the recently discov-
ered by Chandra huge X-ray jet in the quasar at redshift
z = 1:158.
Above we assumed that synchrotron background in the
jet is small compared to the external CMBR background.
However, as one can see from Fig. 2, the densities of
CMBR and synchrotron photons can be of the same or-
der, as, for example in the knot A of the jet in 3C 273
[12]. Therefore, the interactions of the highest energy
γ-rays (E ≥ 1017 eV) with the the synchrotron radia-
tion at radio wavelengths, may well dominate, at least
in the bright knots. To demonstrate this eect we have
performed numerical calculation assuming very hard γ-
ray spectrum with energy concentrated above 1017 eV.
In Fig. 4 we show the injection rate of electrons with
energies below Ee;crit, which determine the synchrotron
luminosity of the "shell", together with the prole of the
synchrotron X-radiation radiation measured by Chandra.
One can see that in the initial part of the jet, where syn-
chrotron background is quite low, the rate of electron
injection into the "shell" is small. But in the knot A the
rate increases rapidly. An observer that looks on the jet
from a side and does not detect the "main stream" of
the cascade, may conclude that electrons are eectively
"accelerated" in the knot. Obviously, if the γ-ray lumi-
nosity of the central source is released at lower energies,
E ≥ 1016 eV, the interactions of γ-rays would be domi-
nated by CMBR photons, and therefore we would expect
more or less homogeneous distribution of X-ray bright-
ness along the jet. Since this is not the case (compare
with the observed prole of X-rays in Fig. 4), we may
conclude that the suggested scenario for 3C 273 would
require very hard, E−1:5 type (or harder) spectrum of




















FIG. 4. Evolution of luminosity of the jet. Thin solid line is X-ray exper
prole of synchrotron background used in numerical calculation. Thick so
1014 eV from the "main stream" of electromagnetic cascade, i.e. the rate
Apparently, the formation of knots in the suggested
model is a nonlinear process. The increase of synchrotron
luminosity at some point of the jet leads to the increase of
the rate of ejection of electrons from the "main stream".
This, in its turn leads to the further increase of syn-
chrotron luminosity and formation of a bright knot. Note
that although the radio luminosity of the jet is directly
related to the injection rate of electrons in the "shell",
and therefore to the VHE γ-ray luminosity of the central
source, it depends on some other factors as well, like the
time of \operation" of the central source, the strength
of the magnetic eld in the jet, the escape of electrons
from the jet, etc. While the X-ray data tell us about the
VHE γ-ray luminosity of the central source at the present
epoch, the radio data rather reflect the history of evolu-
tion of the the central source. Self-consistent numerical
simulations of formation of knots in large scale jets will
be published elsewhere.
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An important question is whether photons with ener-
gies 101518 eV can be produced in the central engines
of AGN, which are believed to be powerful particle ac-
celerators able to produce particles up to Emax ≥ 1019
eV [14]. If the accelerated particles are protons, they
can produce VHE photons through the photo-pion pro-
cess in interactions with thermal photon background pro-
duced by accretion disk around the massive black hole.
As an example, we show in Fig. 5 the spectra of secondary
photons and protons emerging from a source lled with
thermal radiation with T = 104 K and relativistic pro-
tons within a narrow energy band between ∼ 1018 and
1019 eV. Since the γ-γ interactions take place in deep
Klein-Nishina limit with E17 · kT=m2ec4 ∼ 106, the PP
cross section becomes much less than of the pγ photo-
meson production cross-section (∼ 10−28 cm2), therefore
the ≥ 1017 eV γ-rays are not only eectively produced,
but also are able to escape the source without signicant
losses. The numerical calculations shown in Fig. 5 illus-
trate this possibility. Note that a broader, e.g. power-law
type proton spectrum would result in eective production
of less energetic γ-rays with E ≤ 1016eV, but, due to the
increase of the PP cross-section, only a small fraction of






















FIG. 5. The spectra of photons (solid line) and protons (dashed line) after they escape the region of proton accelerator close
to the base of the jet. The initial proton spectrum is shown by the thin solid line. It is assumed that protons are injected to
the region of size 1015 cm lled with blackbody radiation with temperature 104 K.
To conclude, we nd that the electromagnetic cascade
initiated by VHE photons interacting with ambient ra-
diation elds in the large scale extragalactic jets is an
eective mechanism for production of very energetic elec-
trons which can be responsible for the observed radio-to-
X-ray spectra of jets. The VHE photons initiate elec-
tromagnetic cascade in the jet. Trajectories of electrons
with energies below Ee;crit are randomized by small dis-
ordered magnetic eld Br. Such electrons form a "shell"
around the cascade. Observer, who looks at the jet from
a side, sees synchrotron and inverse Compton radiation
only form the "shell" electrons. The cascade can be de-
veloped eectively in the jet provided that the strength
of the random magnetic eld does not exceed 1 G. Oth-
erwise the synchrotron losses may kill the cascade at the
very beginning of the jet. On the other hand, when at
a very large distances from the central source the ran-
dom eld is reduced to a very low level comparable with
the intergalactic eld B ∼ 10−9 eV or less, the cascade
continues almost rectilinearly until the 10-100 TeV γ-
rays start to interact eectively with the diuse infrared
background photons. This interactions would lead to the
formation of observable giant pair halos with specic an-
gular and energy distributions depending on the intensity
of diuse infrared background at the cosmological epoch
corresponding to the redshift of the central source z [6].
And nally, if the central source is a blazar, i.e. the jet
is pointed to the observer, we may expect beamed γ-ray
emission with a characteristic for cascades E−1:5 type
spectrum extending to 100 TeV. However, due to signi-
cant intergalactic absorption, the γ-rays will arrive with
signicantly distorted spectra. The possible implications
of this mechanism for the TeV blazars like Mkn 421 and
Mkn 501 is discussed elsewhere.
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